On the non-existence of certain branched covers by Pankka, Pekka & Souto, Juan
ar
X
iv
:1
00
8.
16
94
v1
  [
ma
th.
GT
]  
10
 A
ug
 20
10
ON THE NON-EXISTENCE OF CERTAIN BRANCHED
COVERS
PEKKA PANKKA AND JUAN SOUTO
Abstract. We prove that while there are maps T4 → #3(S2 × S2)
of arbitrarily large degree, there is no branched cover from 4-torus to
#3(S2 × S2). More generally, we obtain that, as long as N satisfies
a suitable cohomological condition, any pi1-surjective branched cover
T
n
→ N is a homeomorphism.
1. Introduction
In this paper we will prove the following statement.
Theorem 1.1. There is no branched cover from the 4-dimensional torus
T4 to #3(S2 × S2), the connected sum of three copies of S2 × S2. On the
other hand, there are, a fortiori pi1-surjective, maps T
4 → #3(S2 × S2) of
arbitrarily large degree.
Recall that a branched cover between closed PL-manifolds is a discrete
and open PL-map; in the sequel we work always in the PL-category and
consider only oriented manifolds and orientation preserving maps; this is no
reduction of generality as the torus admits an orientation reversing involu-
tion.
Starting with the classical result of Alexander [1], asserting that every
closed, orientable PL-manifold of dimension n admits a branched cover onto
the n-dimensional sphere Sn, a series of authors [3, 10, 14, 15, 17, 18, 19]
have proved the existence of branched covers satisfying certain conditions
between certain manifolds. Of these results, the one which is perhaps most
relevant to this note, is due to Edmonds [10]: Every pi1-surjective map f :
M → N between closed, orientable 3-manifolds with deg(f) ≥ 3 is homotopic
to a branched cover. Theorem 1.1 shows that Edmonds’s theorem fails in
dimension 4.
One of the reasons why we find Edmonds’s theorem to be rather surpris-
ing, is because it asserts that there are many more branched covers than we
would na¨ıvely have expected. A different interpretation of the same theorem
is that it is not clear how to distinguish between branched covers and maps
of positive degree. We insist on this point. When trying to rule out the
existence of branched coverings between two closed manifolds M and N ,
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one can perhaps observe that any branched cover f : M → N induces, via
pull-back, an injective homomorphism
(1.1) f∗ : H∗(N ;R)→ H∗(M ;R)
between the associated cohomology rings. Although this poses a huge re-
striction to the existence of branched covers, the same restriction applies
for the existence of mere maps of non-zero degree. In fact, it is due to
Duan and Wang [9] that, at least when the target N is a simply connected
4-dimensional manifold, the existence of maps M → N of positive degree is
equivalent to the existence of maps H2(N ;Z)→ H2(M ;Z) scaling the inter-
section form. In the light of Theorem 1.1, the existence of branched covers
is a more subtle issue which does not seem to be detected by any standard
cohomological property. Cohomological considerations play a central roˆle in
the proof of Theorem 1.1, but they come into our argument in a perhaps
unexpected way.
Quasiregularly elliptic manifolds; the original motivation. We would
like to mention that our interest to investigate the existence of branched cov-
ers from T4 onto #3(S2× S2) stems from a question of Gromov [11, 12] and
Rickman [20], who asked if the manifolds #k(S2 × S2) are K-quasiregularly
elliptic for some K.
Recall that a continuous mapping f : M → N between oriented Riemann-
ian n-manifolds is said to be K-quasiregular, with (outer) distortion K ≥ 1,
if f is a Sobolev mapping inW 1,nloc (M ;N) and satisfies the quasiconformality
condition
|Df |n ≤ KJf a.e.,
where |Df | is the operator norm of the differential Df and Jf is the Jacobian
determinant. A Riemannian manifold of dimension n is K-quasiregularly
elliptic if it admits a non-constant K-quasiregular mapping from Rn. We
refer to Rickman [21] and Bonk-Heinonen [4] for a detailed discussion on
quasiregular mappings and quasiregularly elliptic manifolds respectively.
Returning to the quasiregular ellipticity of manifolds #k(S2 × S2), recall
that Bonk and Heinonen showed in [4] that K-quasiregularly elliptic man-
ifolds have quantitatively bounded cohomology. In particular, there exists
a bound k0 = k0(K) depending only on K, so that #
k(S2 × S2) is not
K-quasiregularly elliptic for k > k0.
Without a priori bounds on the dilatation K, the question on the quasireg-
ular ellipticity of manifolds #k(S2 × S2) is only answered for k = 1, 2. We
sketch the argument used in these two cases. Observing that branched cov-
ers between closed manifolds are quasiregular, it follows that every manifold
N for which there is a branched cover f : T4 → N is quasiregularly ellip-
tic. Considering T4 as the product of two 2-dimensional tori and taking
on each factor a branched covering T2 → S2, one obtains a branched cover
T4 → S2×S2 and deduces that the latter manifold is quasiregularly elliptic.
What is really much more surprising, is that there is also a branched cover
T4 → #2(S2 × S2); see [22] for this construction. In particular #2(S2 × S2)
is also quasiregularly elliptic.
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The unfortunate offshot of Theorem 1.1 is that this argument cannot be
applied to #k(S2 × S2) for k = 3. Notice that for k > 3, this observation
follows directly from the injectivity of the homomorphism (1.1).
Sketch of the proof of Theorem 1.1. We will deduce the existence of
maps T4 → #3(S2×S2) with arbitrarily large degree from the work of Duan
and Wang [9]. The non-existence of branched covers in Theorem 1.1 is a
special case of the following more general result:
Theorem 1.2. Let N be a closed, connected, and oriented n-manifold, n ≥ 2
so that dimHr(N ;R) = dimHr(Tn;R) for some 1 ≤ r < n. Then ev-
ery branched cover Tn → N is a cover. In particular, every pi1-surjective
branched cover Tn → N is a homeomorphism.
Suppose that f : Tn → N is a branched cover as in the statement of
Theorem 1.2. By a result of Berstein-Edmonds [2], there are a compact
polyhedron X, a finite group G of automorphisms of X, and a subgroup H
of G, such that N = X/G, Tn = X/H and such that the map f is just the
orbit map X/H → X/G. Our first goal is to prove that the group G acts on
the H-invariant cohomology H∗(X;R)H of X; this is the content of section
3 below.
In section 4, we use the action of G on H1(X;R)H to construct, by aver-
aging, cocycles Θ1, . . . ,Θn which form a basis of H
1(X;R)H and behave well
with respect to the action of G on C1(X;R), the vector space of 1-cochains
on X.
These cocycles give rise to a map X → Rn/Zn which semi-conjugates the
action of G on X to a certain action on Rn/Zn. This map is defined in
the same way as the classical Abel-Jacobi map and this is the way we will
refer to it below. The reader can find the construction and some properties
of the Abel-Jacobi map in section 5 and section 6. The Abel-Jacobi map
and its G-equivariance properties, are the key tools to show that the map
f : Tn → N factors as Tn → N ′ → N where the first arrow is a cover and
the second arrow has at most degree 2; moreover, N ′ is homotopy equivalent
to a torus.
In section 7 we will conclude the proof of Theorem 1.2 showing that the
branched cover N ′ → N is a homeomorphism. In order to do so, we have
to rule out that it has degree 2. Every degree 2 branched cover is regular,
meaning that there is an involution σ : N ′ → N ′ such that N = N/〈σ〉
and that the map N ′ → N = N ′/〈σ〉 is the orbit map. At this point we
will already know that the involution σ acts as −id on H1(N
′;R) ≃ Rn.
The Lefschetz fixed-point theorem implies that the fixed-point set Fix(σ) is
not empty. The final contradiction is obtained when we show, using Smith
theory, that Fix(σ) is in fact empty.
Once Theorem 1.2 is proved, we discuss Theorem 1.1 in section 8.
The first author would like to thank Seppo Rickman for frequent discus-
sions on these topics and encouragement. The second author would like to
express his gratitude to the Department of Mathematics and Statistics of
the University of Helsinki for its hospitality. The second author also wishes
to dedicate this paper to Paul el pulpo.
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2. Preliminaries
In this section we remind the reader of a few well-known facts and defini-
tions. Throughout this note we will work in the PL-category. We refer the
reader to [16, 23] for basic facts on PL-theory.
2.1. Chains, cochains, and homology. Suppose that X is a compact
polyhedron, i.e. the geometric realization of a finite simplicial complex and
let R be either R or Z. We denote by Ck(X;R), Zk(X;R), C
k(X;R) and
Zk(X;R) the R-modules of singular k-chains, k-cycles, k-cochains, and k-
cocycles with coefficients in R. The associated homology and cohomology
groups are denoted, as always, by Hk(X;R) and H
k(X,R). The homology
(resp. cohomology) class represented by a chain (resp. cochain) α will be
denoted by [α].
If φ : X → Y is a continuous map to another polyhedron Y . We de-
note by φ# : Ck(X;R) → Ck(Y ;R) and by φ
# : Ck(Y ;R) → Ck(X;R) the
push-forward and pull-back of chains and cochains, respectively. On homo-
logical level, we denote the push-forward and pull-back by φ∗ : H∗(X;R)→
H∗(Y ;R) and φ
∗ : H∗(Y ;R)→ H∗(X;R) respectively.
Finally, denote by
〈·, ·〉 : Ck(X;R)× Ck(X;R)→ R
the canonical evaluation form. Notice that, with the same notation as above,
we have
(2.1) 〈φ#(ω), c〉 = 〈ω, φ#(c)〉
for ω ∈ Ck(Y ;R) and c ∈ Ck(X;R). The induced bilinear form onH
k(X;R)×
Hk(X;R) is also denoted by 〈·, ·〉; again (2.1) is satisfied
(2.2) 〈φ∗([ω]), [c]〉 = 〈[ω], φ∗([c])〉.
Recall that if c and ω are a chain and a cochain representing the homology
and cohomology classes [c] and [ω] we have 〈ω, c〉 = 〈[ω], [c]〉.
Continuing with the same notation, suppose that G is a finite group acting
on the polyhedron X. We denote by X/G the quotient space and by
piG : X → X/G
the orbit map. The G-invariant real cohomology
H∗(X;R)G = {ω ∈ H∗(X;R)|g∗(ω) = ω for all g ∈ G}
of X is isomorphic to the real cohomology H∗(X/G;R) of the orbit space
X/G. Given that this fact will be used over and over again, we state it as a
proposition:
Proposition 2.1. Let X be a polyhedron and G a finite group acting on
X. The pull-back of the orbit map piG : X → X/G induces an isomorphism
between H∗(X;R)G and H∗(X/G;R). 
Proposition 2.1 is a consequence of the natural transfer homomorphism
H∗(X/G;R)→ H∗(X;R), see e.g. [6, III.2]. Below we will need the following
closely related fact, whose proof we leave to the reader:
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Lemma 2.2. Let X be a polyhedron, G a finite group acting on X and
suppose that c is a k-chain whose push-forward (piG)#(c) under the orbit
map piG : X → X/G is a k-cycle in X/G. Then
∑
g∈G g#(c) is a k-cycle in
X.
Moreover, if [ω] is a k-cohomology class in X/G then〈
pi∗G([ω]),

∑
g∈G
g#(c)

〉 = |G|〈[ω], [(piG)#(c)]〉.

We refer the reader to [6, 7, 13] for basic facts of algebraic topology.
2.2. Branched covers. A branched cover between oriented PL-manifolds
is an orientation preserving discrete and open PL-map. Given any such
branched cover f : M → N we say that x ∈ M is a singular point of f
if f is not a local homeomorphism in a neighborhood of x. The image
f(x) of a singular point is a branching point of f . We denote by Sf ⊂ M
and Bf = f(Sf) ⊂ N the sets of singular points and branch points of f
respectively. We also denote by Zf = f
−1(Bf ) the pre-image of the set of
branching points of f ; notice that Sf ⊂ Zf .
Before moving on, observe that since f is PL, discrete and open, the sets
Sf , Bf and Zf are polyhedra of codimension at least 2. Remark also that
the restriction of f to M \ Zf is a covering map onto N \Bf .
Remark. It is worth noticing that the above statement does not require the
mapping to be PL. Indeed, given a discrete and open mapping between
n-manifolds the singular set has topological codimension at least 2 by a
result of Cˇernavski˘ı-Va¨isa¨la¨ [8, 24]. Moreover, Bf and Sf have the same
(topological) dimension.
A branched cover f : M → N is said to be regular if there is a group G of
PL-automorphisms ofM such that there is an identification of N withM/G
in such a way that the map f becomes the orbit map piG :M →M/G = N .
The following result, due to Berstein and Edmonds [2, Proposition 2.2],
asserts that every branched cover is a, non-regular, orbit map:
Proposition 2.3. Given a branched cover f : M → N between closed ori-
entable manifolds of dimension n, there exists a connected polyhedron Xf of
dimension n, a group G of automorphisms of Xf , a subgroup H of G and
identifications M = Xf/H and N = Xf/G so that the following diagram
commutes:
Xf
piH
yyss
ss
ss
ss
ss
piG
%%J
JJ
JJ
JJ
JJ
J
Xf/H =M
f
// N = Xf/G
Moreover, Hn(Xf ,R) ≃ R and G acts trivially on H
n(Xf ,R).
We observe that in general the polyhedronXf is not a manifold. However,
the complement of pi−1G (Bf ) = piH(Zf ) inXf is a manifold and the restriction
of piG and piH to that set is a covering map. Just to clarify terminology, we
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would like to mention that under a cover or covering map we understand,
as usual, a branched cover whose singular set is empty.
Before going any further we state, with the same notation as in Proposi-
tion 2.3, the following simple consequence of the fact that Hn(Xf ;R) = R
and that G acts trivially on Hn(Xf ;R). If K is namely a subgroup of G
then Hn(Xf/K;R) ≃ R by Proposition 2.1. Hence, if V1, V2 are oriented
n-manifolds then any two continuous maps
f1 : V1 → Xf/K, f2 : Xf/K → V2
have a well-defined degree deg(fi) which satisfies the usual rule
deg(f2 ◦ f2) = deg(f2) deg(f1).
This fact will be of some importance below.
2.3. Branched covers of degree 1 or 2. Below, we will show that any
branched cover f : Tn → N as in the statement of Theorem 1.2 is the
composition of a covering map and a branched cover of degree one or two.
It is well-known that such branched covers are very particular:
Proposition 2.4.
(1) A branched cover of degree 1 is a homeomorphism.
(2) Let f : M → N be a degree 2 branched cover between closed, con-
nected, orientable PL-manifolds. Then there is an orientation pre-
serving involution σ : M →M such that N = M/〈σ〉 and such that
the map f is just the natural orbit map M →M/〈σ〉 = N . 
In the statement of Proposition 2.4, as well as in the future, we denote
by 〈σ〉 the group generated by σ.
We conclude this section with the following observation on the fixed point
sets of involutions:
Proposition 2.5. Let M be a closed oriented n-manifold, n ≥ 3, and
σ : M →M an orientation preserving involution such that M/〈σ〉 is a man-
ifold. Either σ is fixed-point free or given a component Σ of the fixed point
set Fix(σ) of σ, there exists 1 ≤ r ≤ n − 2 so that Hr(Σ;Z2) = Z2. In
particular, the components of Fix(σ) are not Z2-acyclic.
Recall that a space is Z2-acyclic if it has the same cohomology as a point.
Proof. Recall that a (Z2, r)-manifold is a topological space satisfying a few
properties, the most important of which is that it admits a cover B such
that the one-point compactification of every element in B has the same
cohomology relative to the point at infinity, as the r-dimensional sphere Sr
relative to one of its points. See [5, Definition 1.1] for details and notice that
it follows directly from the definition that a connected polyhedron which is
a (Z2, 0)-manifold is a singleton.
By [5, Theorem 7.4] the components of Fix(σ) are (Z2, r)-manifolds, with
r ≤ n − 2 because σ preserves the orientation [5, Theorem 7.8]. More-
over, by [5, Theorem 7.11], there exists a natural isomorphism Hr(Σ;Z2)→
Hn(M ;Z2). Thus it suffices to show that r > 0, that is, Fix(σ) has no
isolated points.
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Seeking a contradiction, suppose that x ∈M is an isolated fixed point of
σ. Choosing a sufficiently fine, σ-invariant triangulation ofM , let Lx be the
link of x and notice that Lx is σ-invariant, and that Lx/〈σ〉 is the link of
the projection of x to M/〈σ〉. The link Lx of x is homeomorphic to S
n−1.
Since x is an isolated fixed-point of σ we have that σ acts on Lx = S
n−1
without fixed points. This implies that pi1(Lx/〈σ〉) = Z2. In particular, the
projection of x to M/〈σ〉 is a point whose link does not have the homology
of a sphere of dimension n − 1 ≥ 2. This contradicts the assumption that
M/〈σ〉 is a manifold. 
At this point we fix some notation that will be used throughout the whole
paper:
(*) Notation: Suppose that f : Tn → N is a branched cover
as in the statement of Theorem 1.2; in other words, we may
fix 1 ≤ r < n so that dimHr(N ;R) = dimHr(Tn;R). Let
also X = Xf be the polyhedron provided by Proposition
2.3 and H ⊂ G the groups of automorphisms of X with
Tn = X/H and N = X/G. Let also be
pi = piH : X → X/H = T
n
be the orbit map onto X/H.
3. The key observation
The key tool in the proof of Theorem 1.2 is the analysis of the action of
G on the singular (real) cohomology ring H∗(X;R) of X.
Recall that if Γ ⊂ G is a subgroup of G, then H∗(X;R)Γ is the Γ-invariant
cohomology of X and that the orbit map X → X/Γ induces, via the pull-
back, an isomorphism between H∗(X/Γ;R) and H∗(X;R)Γ.
Since H is a subgroup of G, it is immediate that H∗(X;R)G is H-
invariant. The main result of this section is a partial converse.
Proposition 3.1. With the same notation as in (*), the following holds:
(1) elements of G act trivially on Hr(X;R)H , and
(2) the subspace H1(X;R)H is G-invariant. Moreover, for any g ∈ G
we have that the restriction of g∗ to H1(X;R)H is equal to ±id.
To prove the first claim of Proposition 3.1 observe that
dimHr(X;R)G = dimHr(X/G;R) = dimHr(N ;R)
and, similarly,
dimHr(X;R)H = dimHr(X/H;R) = dimHr(Tn;R).
Since dimHr(N ;R) = dimHr(Tn;R) and Hr(X;R)G ⊂ Hr(X;R)H , it
follows that Hr(X;R)G = Hr(X;R)H . Thus G acts trivially on Hr(X;R)H
by definition.
The second part of the proof uses the following observation.
Lemma 3.2. Let r ≥ 1, V be a vector space, W a subspace of V with
dimW ≥ r+1, and ϕ : V → V a linear mapping so that ∧rϕ = id:
∧rW →∧rW . Then W is ϕ-invariant and ϕ|W = ±id.
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Proof. Since ∧rϕ = id on
∧rW , all r-dimensional subspaces ofW are invari-
ant under ϕ; hence W is ϕ-invariant. Let v ∈ W , v 6= 0, and let U1, . . . , Us
be r-dimensional subspaces of W whose intersection L = ∩Ui is the line
containing v. Since subspaces Ui, i = 1, . . . , s, are ϕ-invariant, the line L is
also invariant. It follows that the restriction of ϕ to W fixes every line in L
and hence is a homothety of ratio λ ∈ R: ϕ(v) = λv for all v ∈W .
We claim that λ = ±1. In order to see that this is the case let v1, . . . , vr ∈
W with v1 ∧ · · · ∧ vr 6= 0 and compute
v1 ∧ · · · ∧ vr = (∧
rϕ)(v1 ∧ · · · ∧ vr) = ϕ(v1) ∧ · · · ∧ ϕ(vr)
= (λv1) ∧ · · · ∧ (λvr) = λ
r(v1 ∧ · · · ∧ vr).
The claim follows. 
In order to prove the second claim of Proposition 3.1 we are going to
apply Lemma 3.2 to V = H1(X;R), W = H1(X;R)H and ϕ = g∗ for g ∈ G.
Notice that dimH1(X;R)H = dimH1(Tn;R) = n ≥ r + 1.
Consider the commutative diagram
(3.1)
∧r(H1(X;R)H )
∧rpi∗

∧ // Hr(X;R)H
pi∗
∧r(H1(X/H;R)) ∧ // Hr(X/H;R)
where the vertical arrows are the pull-back of the orbit map pi : X → X/H,
while the horizontal maps are the cup product in cohomology. By Propo-
sition 2.1, the two vertical arrows are isomorphisms. On the other hand,
the lower horizontal arrow is also an isomorphism because X/H = Tn is a
n-dimensional torus. This proves that the homomorphism∧
r
(
H1(X;R)
H
)
→ Hr(X;R)H
is an isomorphism.
By the first claim of Proposition 3.1 we have that g∗ acts trivially on
Hr(X;R)H and hence on
∧r (H1(X;R)H). In other words, Lemma 3.2
applies and the second claim of Proposition 3.1 follows. This concludes the
proof of Proposition 3.1 . 
Let G → Hom(H1(X;R)H ,H1(X;R)H ) be the map g 7→ g∗. By Propo-
sition 3.1, the image of this homomorphism is {±id}. Identifying the latter
group with the multiplicative group F = {±1} of two elements, we obtain a
homomorphism
(3.2) δ : G→ F.
Notice that by definition H ⊂ Ker(δ).
With the same notation as above we can now show that H∗(X;R)H is in
fact G-invariant and describe the action
Gy H∗(X;R)H .
Corollary 3.3. For s = 0, 1, . . . , n and [ω] ∈ Hs(X;R)H we have
g∗[ω] = δ(g)s[ω]
for all g ∈ G.
ON THE NON-EXISTENCE OF CERTAIN BRANCHED COVERS 9
Proof. Using the same argument as in the proof of Proposition 3.1, more
concretely using diagram (3.1) and the discussion following that diagram,
we deduce that the standard homomorphism∧
s
(
H1(X;R)
H
)
→ Hs(X;R)H
is an isomorphism. By Proposition 3.1, and by definition of δ(·), we have
that g acts on H1(X;R)H by multiplication by δ(g). Hence, g acts on
Hs(X;R)H by multiplication by δ(g)s, as we claimed. 
¿From here we obtain the first non-trivial restrictions on any manifold N
as in (*).
Corollary 3.4. With the same notation as in (*) the following holds:
(1) The pullback f∗ : H2∗(N ;R)→ H2∗(Tn;R) is an isomorphism.
(2) If n or r is odd, then f∗ : H∗(N ;R)→ H∗(Tn;R) is an isomorphism.
Proof. Since Hs(N ;R) = Hs(X;R)G ⊂ Hs(X;R)H we deduce from Corol-
lary 3.3 that
Hs(N ;R) =
(
Hs(X;R)H
)G
for s even. Also by Corollary 3.3 we have that the action G y Hs(X;R)H
is trivial for even s; hence
Hs(N ;R) =
(
Hs(X;R)H
)G
= Hs(X;R)H = Hs(Tn;R)
for even s. This proves (1).
Suppose now, for the sake of concreteness, that n is odd. Notice that on
the one hand g∗ is trivial on Hn(X;R) by Proposition 2.3 while on the other
hand it acts by multiplication by δ(g)n by Corollary 3.3. Hence δ(g) = 1
for all g ∈ G. Observe that the same argument applies is r is odd. Once we
know that δ(g) = 1 for all g ∈ G, the second claim follows as (1). 
4. Averaging
In this section we construct n cocycles in C1(X;R) which represent a
basis of H1(X;R)H and have some highly desirable properties; notation is
as in (*).
To begin with choose bases [c1], . . . , [cn] of H1(T
n;Z) and [θ1], . . . , [θn] of
H1(Tn;R) with
〈[θi], [cj ]〉 = δij ,
where δij is the Kronecker symbol.
Proposition 4.1. There are 1-cocycles Θ1, . . . ,Θn ∈ C
1(X;R) with the
following properties:
(1) pi∗([θi]) = [Θi] for i = 1, . . . , n.
(2) g#(Θi) = δ(g)Θi for any g ∈ G and i = 1, . . . , n. Here δ(·) is the
homomorphism (3.2).
(3) 〈Θi, c˜j〉 = δij for any 1-chain c˜j ∈ C1(X;R) in X such that pi#(c˜j)
is 1-cycle representing [cj ].
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We begin choosing 1-cocycles θ1, . . . , θn ∈ C
1(Tn;R) representing the co-
homology classes [θ1], . . . , [θn] and define Θi as a twisted G-average of the
pull-back pi#(θi):
Θi =
1
|G|
∑
g∈G
δ(g)g#(pi#(θi)).
Observe that Θi is a cocycle because it is a weighted sum of the cocycles
g#(pi#(θi)). We claim that the cocycles Θ1, . . . ,Θn fulfill the claims of
Proposition 4.1.
To show (1), notice that, since pi#(θi) represents the cohomology class
pi∗([θi]) ∈ pi
∗(H1(X/H;R)) = H1(X;R)H , we have by Proposition 3.1 that
[g#(pi#(θi))] = g
∗[pi#(θi)] = δ(g)pi
∗([θi]).
Since δ(g)2 = 1 for all g ∈ G we have
[Θi] =

 1
|G|
∑
g∈G
δ(g)g#(pi#(θi))

 = 1
|G|
∑
g∈G
δ(g)2pi∗([θi]) = pi
∗[θi]
as claimed.
The validity of (2) follows from a simple computation and the fact that δ
is a homomorphism.
In order to show (3) observe that the homomorphism δ from (3.2) induces
a well-defined map
δ : G/H → F
because H ⊂ Ker(δ). From now on we choose a representative g for every
class gH ∈ G/H and hence identify G/H with a subset of G. We start
rewriting 〈Θi, c˜j〉:
〈Θi, c˜j〉 =
1
|G|
〈∑
g∈G
δ(g)g#(pi#(θi)), c˜j
〉
=
1
|G|
〈
pi#(θi),
∑
g∈G
δ(g)g#(c˜j)
〉
=
1
|G|
〈
pi#(θi),
∑
g∈G/H
∑
h∈H
δ(gh)(gh)#(c˜j)
〉
=
1
|G|
〈
pi#(θi),
∑
g∈G/H
∑
h∈H
δ(g)g#(h#(c˜j))
〉
=
1
|G|
〈
pi#(θi),
∑
g∈G/H
δ(g)g#
(∑
h∈H
h#(c˜j)
)〉
=
1
|G|
〈 ∑
g∈G/H
δ(g)g#(pi#(θi)),
∑
h∈H
h#(c˜j)
〉
.
(4.1)
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Notice that, by Lemma 2.2,
∑
h∈H h#(c˜j) is a 1-cycle satisfying
(4.2) pi∗
([∑
h∈H
h#(c˜j)
])
= |H|[cj ].
Observing that in the last equation in (4.1) we are evaluating a 1-cocycle
and a 1-cycle we obtain the same result if we evaluate the corresponding
cohomology and homology classes:
〈Θi, c˜j〉 =
1
|G|
〈 ∑
g∈G/H
δ(g)g#(pi#(θi)),
∑
h∈H
h#(c˜j)
〉
=
1
|G|
〈 ∑
g∈G/H
δ(g)g#(pi#(θi))

 ,
[∑
h∈H
h#(c˜j)
]〉
=
1
|G|
〈 ∑
g∈G/H
δ(g)g∗(pi∗([θi])),
[∑
h∈H
h#(c˜j)
]〉
.
(4.3)
By Proposition 3.1, and δ(g)2 = 1, we have
(4.4) δ(g)g∗(pi∗([θi])) = pi
∗[θi]
for all g ∈ G. Therefore, we obtain from (4.3) and (4.4):
〈Θi, c˜j〉 =
1
|G|
〈 ∑
g∈G/H
δ(g)g∗(pi∗([θi])),
[∑
h∈H
h#(c˜j)
]〉
=
|G/H|
|G|
〈
pi∗([θi]),
[∑
h∈H
h#(c˜j)
]〉
=
|G/H|
|G|
〈
[θi], pi∗
[∑
h∈H
h#(c˜j)
]〉
=
|G/H|
|G|
〈[θi], |H|[cj ]〉 ,
(4.5)
where the last equality holds by (4.2). It follows that
〈Θi, c˜j〉 = 〈[θi], [cj ]〉 = δij
as claimed. This concludes the proof of Proposition 4.1. 
Before moving on we observe that evaluating the cocycles Θi provided
by Proposition 4.1 onto any integral cycle in X we obtain not only a real
number but in fact an integer.
Lemma 4.2. Let c ∈ C1(X;Z) be an integral 1-chain whose push-forward
pi#(c) is a 1-cycle in X/H = T
n. Then 〈Θi, c〉 ∈ Z.
Proof. A similar computation as in the proof of (3) in Proposition 4.1 shows
that
〈Θi, c〉 = 〈[θi], [pi#(c)]〉.
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The claim follows because [pi#(c)] ∈ H1(X/H,Z) can be written as a linear
combination of the basis [c1], . . . , [cn] with integer coefficients and because
〈[θi], [cj ]〉 = δij by the choice of the bases. 
5. The Abel-Jacobi map
Still with the same notation as in (*), we construct in this section a map
Ψ : X → Rn/Zn and study its equivariance properties with respect to the
action of G on X. The construction of the map Ψ is motivated by the
construction of the classical Abel-Jacobi map of a Riemann surface into its
Jacobian.
To begin with we consider the linear map
Ψ˜ : C1(X;R)→ R
n, Ψ˜(c) = (〈Θi, c〉)i=1,...,n,
given by evaluating the the 1-cocycles Θ1, . . . ,Θn in Proposition 4.1 on sin-
gular chains. By Lemma 4.2, the image of Z1(X;Z) under Ψ˜ is contained in
Zn. In particular, Ψ˜ induces a map
Ψ′ : C1(X;R)/Z1(X;Z)→ R
n/Zn
In order to obtain a map defined on X we choose a base point x0. Suppose
that x ∈ X is another point and that I and I ′ are two paths starting at x0
and ending in x. Considering both paths as 1-chains we have Ψ′(I) = Ψ′(I ′)
because I−I ′ is a 1-cycle. It follows that the value Ψ′(I) does not depend on
the chosen path I but only on the point x. We obtain hence a well-defined
map
Ψ : X → Rn/Zn.
We will refer to Ψ as the Abel-Jacobi map.
We start investigating how the action of G on X is reflected by the Abel-
Jacobi map. In order to do so we consider Rn/Zn as an abelian group.
Lemma 5.1. For all g ∈ G there is Ag ∈ R
n/Zn with
Ψ(g(x)) = δ(g)Ψ(x) +Ag
for all x ∈ X.
Proof. For x ∈ X denote by Ix a path from x0 to x. In order to compute
Ψ(g(x)) we consider the juxtaposition Ig(x0) + g(Ix) of Ig(x0) and g(Ix). We
have thus
Ψ(g(x)) = Ψ′(Ig(x0)+g(Ix)) = Ψ
′(Ig(x0))+Ψ
′(g(Ix)) = Ψ(g(x0))+Ψ
′(g(Ix)).
We set Ag = Ψ(g(x0)) and compute
Ψ′(g(Ix)) = (〈Θi, gIx〉)i=1,...,n.
We have for i = 1, . . . , n
〈Θi, g(Ix)〉 = 〈Θi, g#(Ix)〉 = 〈g
#Θi, Ix〉 = δ(g)〈Θi, Ix〉,
where the last equation holds by Proposition 4.1. The claim follows. 
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Clearly, the map
(5.1) G× Rn/Zn → Rn/Zn, (g, x) 7→ δ(g)x +Ag,
is an action of G on Rn/Zn. We will see next that this action is trivial when
restricted to the subgroup H.
Notice that for any h ∈ H the path Ih(x0) projects to a closed loop in
X/H. In other words, pi#(Ih(x0)) is a 1-cycle in X/H = T
n. It follows from
Lemma 4.2 that Ψ˜(Ih(x0)) ∈ Z
n, meaning that
Ah = Ψ˜(Ih(x0)) mod Z
n = 0.
Since H ⊂ Ker(δ) we deduce from Lemma 5.1 that in fact the action of H
on Rn/Zn is trivial.
Lemma 5.2. The restriction of the G-action (5.1) to H is trivial. 
Lemma 5.2 implies directly that the Abel-Jacobi map Ψ descends to a
map
Ψˆ : X/H → Rn/Zn.
We claim now that Ψˆ is a homotopy equivalence. In order to see that this
is the case let c1 be a loop in X/H = T
n representing the homology class
[c1] ∈ H1(X/H;Z) = pi1(X/H) chosen in the previous section. Suppose also
that c1 is based at pi(x0) and avoids Zf , the preimage of the branching locus
of f . This last condition implies that there is a unique lift c˜1 of c1 starting
at x0. Applying Proposition 4.1 (3) to c˜1 we obtain that
Ψ˜(c˜1) = (1, 0, . . . , 0).
Identifying pi1(R
n/Zn) with the deck-transformation group Zn of the cover
Rn → Rn/Zn we have that the image Ψˆ(c1) of c1 is homotopic to the
first standard generator of pi1(R
n/Zn) ≃ Zn. Arguing in the same way
for c2, . . . , cn we have proved that the homomorphism
pi1(Ψˆ) : pi1(X/H, pi(x0))→ pi1(R
n/Zn, Φˆ(pi(x0)))
induced by Ψˆ maps the basis [c1], . . . , [cn] to the standard basis of Z
n =
pi1(R
n/Zn). In other words, pi1(Ψˆ) is an isomorphism. Since both X/H and
Rn/Zn are tori, and hence have contractible universal coverings, this implies
that Ψ: X/H → Rn/Zn is a homotopy equivalence, as we wanted to show.
Proposition 5.3. The Abel-Jacobi map Ψ : X → Rn/Zn descends to a
homotopy equivalence Ψˆ : Tn = X/H → Rn/Zn. 
We can now start drawing a diagram to which we will continue adding
arrows and objects in the next section:
X
Ψ
xxqq
qq
qq
qq
qq
qq
pi

piG
''O
OO
OO
OO
OO
OO
OO
Rn/Zn X/H = Tn
Ψˆoo
f
// X/G = N
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6. The subgroup K ⊂ G
Still with the same notation as in (*) define
K = Ker(δ)
to be the kernel of the homomorphism δ; see (3.2). By construction K is a
normal subgroup of G with at most index 2. Notice that H ⊂ K = Ker(δ)
and that it follows from Corollary 3.3 that K = G if the dimension n of the
involved manifolds is odd.
Remark. In the next section, we will also prove that K = G if n is even.
By Lemma 5.1, the action (5.1) of G on Rn/Zn restricts to an action of
K by translations. Observe that since H ⊂ K, this action is not effective
by Lemma 5.2. In spite of this, we will denote by (Rn/Zn)/K the quotient
of Rn/Zn under the action by translations of K. In this section we prove:
Proposition 6.1. The homotopy equivalence Ψˆ : X/H → Rn/Zn descends
to a map Ψ¯ : X/K → (Rn/Zn)/K. In particular, the following holds:
(1) The orbit map p1 : R
n/Zn → (Rn/Zn)/K has degree |K/H|.
(2) H is a normal subgroup of K.
(3) The action of K/H on Rn/Zn is effective and (Rn/Zn)/K is a torus.
(4) The action of K/H on X/H is free. In particular, the space X/K is
in fact a manifold and the orbit map p2 : X/H → X/K is a covering
map.
(5) The map Ψ¯ : X/K → (Rn/Zn)/K is a homotopy equivalence.
Proof. The fact that Ψˆ : X/H → Rn/Zn descends to a map Ψ¯ : X/K →
(Rn/Zn)/K follows just from the definitions and is left to the reader. Notice
that since K acts on the n-dimensional torus Rn/Zn by translations, the
quotient is n-dimensional a torus as well. This proves the second part of
(3).
At this point we can enlarge the diagram above as follows:
(6.1) X
Ψ
wwnn
nn
nn
nn
nn
nn
n
pi

piG

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
Rn/Zn
p1

X/H = Tn
Ψˆoo
f
''O
OO
OO
OO
OO
OO
p2

(Rn/Zn)/K X/K
Ψ¯oo
p3
// X/G = N
where p1, p2 and p3 are the obvious orbit maps.
Since the square in the left bottom corner of the diagram commutes we
have that
deg(p1) deg(Ψˆ) = deg(p1 ◦ Ψˆ) = deg(Ψ¯ ◦ p2) = deg(Ψ¯) deg(p2).
Taking into account that Ψˆ is a homotopy equivalence and that p2 has degree
|K/H| we obtain
deg(p1) = |K/H|deg(p2).
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On the other hand, p1 has positive degree. This implies that p2 has to have
positive degree as well; hence
deg(p1) ≥ |K/H|.
On the other hand, deg(p1) ≤ |K/H| because the subgroup H of K acts
trivially on Rn/Zn. We have proved (1).
Recall that H is contained in the kernel of the homomorphism
K → Aut(Rn/Zn)
by Lemma 5.2. The image of this homomorphism has deg(p1) = |K/H| ele-
ments. It follows that H is in fact precisely the kernel of this homomorphism
and that it is therefore normal in K. We have proved (2) and the first part
of (3).
Since H is normal in K we have that K/H acts on X/H and that X/K =
(X/H)/(K/H). We claim that the action of K/H on X/H is free. In order
to see this, suppose that we have x ∈ X/H and k ∈ K/H with kx = x.
Then we have
Ψˆ(x) = Ψˆ(kx) = kΨˆ(x).
Since the action of K/H on Rn/Zn is effective and by translations, an el-
ement k ∈ K/H can only fix the point Ψ(x) ∈ Rn/Zn if k is the neutral
element in K/H. We have proved (4).
It remains to show that the map Ψ¯ : X/K → (Rn/Zn)/K is a homotopy
equivalence. As in the proof of Proposition 5.3, it suffices to show that
(pi1)∗(Ψ¯) : pi1(X/K) → pi1((R
n/Zn)/K) is an isomorphism. Notice at this
point that we have the following commutative diagram:
1 // pi1(X/H)
(pi1)∗(Ψˆ)

// pi1(X/K)
(pi1)∗(Ψ¯)

// K/H
id

// 1
1 // pi1(R
n/Zn) // pi1((R
n/Zn)/K) // K/H // 1
Since the first and third vertical arrows are isomorphisms it follows that
the middle arrow is an isomorphism as well. This concludes the proof of
Proposition 6.1. 
We conclude this section with some remarks needed to prove Theorem
1.2 below. The following is just a direct consequence of parts (3) and (5) of
Proposition 6.1:
Corollary 6.2. The manifold X/K is homotopy equivalent to a n-dimensional
torus. In particular, pi1(X/K) = H1(X/K;Z) = Z
n and H∗(X/K;R) =
H∗(Tn;R). 
Recall now that K ⊂ G is normal of at most index 2 because it is the
kernel of the homomorphism (3.2). In particular, the group G/K acts on
X/K with X/G = (X/K)/(G/K) and the map p3 : X/K → X/G = N in
(6.1) is just the orbit map. We prove now:
Lemma 6.3. If K 6= G denote by σ the non-trivial element in G/K. Then
σ acts as −id on H1(X/K;R) and hence H1(N ;R) = 0.
We suggest the reader to compare with Corollary 3.4.
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Proof. Denote by σ˜ ∈ G a representative of σ in G. Notice that, by the very
definition of the action (5.1), σ˜ acts on H1(Rn/Zn;R) by −id. Since K acts
on Rn/Zn by translations, it follows that σ also acts on H1((Rn/Zn)/K;R)
by −id. Since the homotopy equivalence Ψ¯ satisfies Ψ¯(σ(x)) = σ(Ψ¯(x)), we
deduce that σ acts on H1(X/K;R) as −id as well. This proves the first
claim. In order to prove the second one observe that
H1(N ;R) = H1((X/K)/(G/K);R) = H1(X/K;R)G/K = 0.
This concludes the proof of Lemma 6.3. 
7. The final step of the proof of Theorem 1.2
In this section we conclude the proof of Theorem 1.2; as always, notation
is as in (*). We copy (6.1) here for the convenience of the reader:
X
Ψ
wwnn
nn
nn
nn
nn
nn
n
pi

piG

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
Rn/Zn
p1

X/H = Tn
Ψˆoo
f
''O
OO
OO
OO
OO
OO
p2

(Rn/Zn)/K X/K
Ψ¯oo
p3
// X/G = N
So far, we know that f = p3 ◦ p2 and that p2 is a covering map. In order to
prove that f is itself a covering map it suffices to show that p3 = id. Since
p3 is the orbit map X/K → (X/K)/(G/K) it suffices to show:
Proposition 7.1. G/K is the trivial group.
Assuming Proposition 7.1 we conclude the proof of Theorem 1.2:
Theorem 1.2. Let N be a closed, connected, and oriented n-manifold, n ≥ 2
so that dimHr(N ;R) = dimHr(Tn;R) for some 1 ≤ r < n. Then every
branched cover f : Tn → N is a cover. In particular, every pi1-surjective
branched cover Tn → N is a homeomorphism.
Proof. By Proposition 7.1 we have K = G and hence p3 = id. In particular,
we have
f = p3 ◦ p2 = p2.
By Proposition 6.1, the map p2, and hence f , is a covering map. 
It remains to prove the proposition:
Proof of Proposition 7.1. Seeking a contradiction assume thatK 6= G. Hence
G/K is the group of order two. As in Lemma 6.3, denote by σ the non-trivial
element in G/K.
We are going to derive a contradiction to K 6= G studying the fixed
point set Fix(σ) of σ. It follows from Corollary 6.2 and Lemma 6.3 that σ
acts on Hs(X/K;R) ≃ Hs(Tn;R) as multiplication by (−1)s. In particular,
σ : X/K → X/K has Lefschetz number L(σ) = 2n. It follows from the
Lefschetz fixed point theorem that
(7.1) Fix(σ) 6= ∅.
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We prove now that the inclusion of Fix(σ) into X/K is trivial on homol-
ogy:
Claim 1. The map H1(Fix(σ);R)→ H1(X/K;R) is trivial.
Proof. Seeking a contradiction suppose that [α] ∈ H1(Fix(σ);R) is not triv-
ial in H1(X/K;R) and let [β] ∈ H
n−1(X/K;R) be the unique cohomology
class with
〈[η], [α]〉 = [η] ∧ [β]
for all [η] ∈ H1(X/K;R). Since [α] is fixed by σ we deduce that [β] is also
fixed by σ. This implies that
Hn−1(N ;R) = Hn−1((X/K)/〈σ〉;R) = Hn−1(X/K;R)〈σ〉 6= 0
contradicting that Hn−1(N ;R) ≃ H1(N ;R) = 0 by Lemma 6.3. 
By Corollary 6.2, we can identify H1(X/K;Z), pi1(X/K), and Z
n. In
particular, the homomorphism pi1(X/K)→ H1(X/K;R) is injective. Given
now a connected component Σ of Fix(σ) we have the following commutative
diagram:
pi1(Σ)

// pi1(X/K)

H1(Σ;R) // H1(X/K;R)
As we just observed the right vertical arrow is injective. On the other hand,
the lower horizontal arrow is trivial by Claim 1. This implies that the
homomorphism pi1(Σ)→ pi1(X/K) is trivial as well. In other words, Σ lifts
homeomorphically to the universal cover X˜/K of X/K. We have proved:
Claim 2. Every connected component Σ of Fix(σ) lifts homeomorphically
to the universal cover X˜/K of X/K. 
Let now Σ ⊂ Fix(σ) be a connected component and lift it to Σ˜ ⊂ X˜/K.
Observe that since X/K is covered by Tn = X/H, we can identify X˜/K
with the euclidean space. Choosing a point x˜ ∈ Σ˜ there is a unique lift σ˜ of
σ to X˜/K with σ˜(x˜) = x˜. Observe that σ˜ is an involution and that
Σ˜ ⊂ Fix(σ˜).
The involution σ˜ is obviously a transformation of the contractible space
X˜/K of prime period 2. It is a standard consequence of Smith theory [6,
III. Theorem 5.2] that Fix(σ˜) is Z2-acyclic and hence connected. This proves
that Fix(σ˜) = Σ˜.
On the other hand, for n ≥ 3, Σ˜ is homeomorphic to Σ and hence home-
omorphic to an orientable cohomology manifold that is not Z2-acyclic by
Proposition 2.5; this is a contradiction. For n = 2, Fix(σ) is a discrete set.
Thus [6, Theorem III.4.3] gives a contradiction.
This concludes the proof of Proposition 7.1. 
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8. Theorem 1.1
We discuss now briefly Theorem 1.1.
Theorem 1.1. There is no branched cover from the 4-dimensional torus
T4 to #3(S2 × S2), the connected sum of three copies of S2 × S2. On the
other hand, there are, a fortiori pi1-surjective, maps T
4 → #3(S2 × S2) of
arbitrarily large degree.
The claim that there is no branched covering T4 → #3(S2 × S2) follows
directly from Theorem 1.2. Maps of arbitrarily large degree
f : T4 → #3(S2 × S2)
can either be constructed directly, or be shown to exist using the work of
Duan and Wang [9]. These authors prove namely the following remarkable
theorem:
Theorem (Duan-Wang). Suppose M and L are closed oriented 4-manifolds
with intersection matrices A and B under given bases α for H2(M ;Z) and
β for H2(L;Z), respectively. If L is simply connected, then there is a map
f :M → L of degree k such that f∗(β) = αP if and only if P tAP = kB.
In [9, Example 4], this theorem is applied in the particular case of maps
T4 → #3(S2×S2) to obtain mappings of every degree. We finish this section
by recalling this example. Intersection forms of H2(T2) andH2(#3(S2×S2))
in natural bases read as
⊕3
(
0 1
1 0
)
.
Thus the linear mapping, given by the matrix
P = ⊕3
(
0 k
1 0
)
,
yields the required result.
References
[1] J. W. Alexander. Note on Riemann spaces. Bull. Amer. Math. Soc., 26(8):370–372,
1920.
[2] I. Berstein and A. L. Edmonds. The degree and branch set of a branched covering.
Invent. Math., 45(3):213–220, 1978.
[3] I. Berstein and A. L. Edmonds. On the construction of branched coverings of low-
dimensional manifolds. Trans. Amer. Math. Soc., 247:87–124, 1979.
[4] M. Bonk and J. Heinonen. Quasiregular mappings and cohomology. Acta Math.,
186(2):219–238, 2001.
[5] G. E. Bredon. Orientation in generalized manifolds and applications to the theory of
transformation groups. Michigan Math. J., 7:35–64, 1960.
[6] G. E. Bredon. Introduction to compact transformation groups. Academic Press, New
York, 1972. Pure and Applied Mathematics, Vol. 46.
[7] G. E. Bredon. Topology and geometry, volume 139 of Graduate Texts in Mathematics.
Springer-Verlag, New York, 1997. Corrected third printing of the 1993 original.
[8] A. V. Cˇernavski˘ı. Finite-to-one open mappings of manifolds. Mat. Sb. (N.S.), 65
(107):357–369, 1964.
[9] H. B. Duan and S. C. Wang. Non-zero degree maps between 2n-manifolds. Acta Math.
Sin. (Engl. Ser.), 20(1):1–14, 2004.
[10] A. L. Edmonds. Deformation of maps to branched coverings in dimension three.Math.
Ann., 245(3):273–279, 1979.
ON THE NON-EXISTENCE OF CERTAIN BRANCHED COVERS 19
[11] M. Gromov. Hyperbolic manifolds, groups and actions. In Riemann surfaces and
related topics: Proceedings of the 1978 Stony Brook Conference (State Univ. New
York, Stony Brook, N.Y., 1978), volume 97 of Ann. of Math. Stud., pages 183–213,
Princeton, N.J., 1981. Princeton Univ. Press.
[12] M. Gromov. Metric structures for Riemannian and non-Riemannian spaces, volume
152 of Progress in Mathematics. Birkha¨user Boston Inc., Boston, MA, 1999.
[13] A. Hatcher. Algebraic topology. Cambridge University Press, Cambridge, 2002.
[14] H. M. Hilden. Three-fold branched coverings of S3. Amer. J. Math., 98(4):989–997,
1976.
[15] U. Hirsch. U¨ber offene Abbildungen auf die 3-Spha¨re. Math. Z., 140:203–230, 1974.
[16] J. F. P. Hudson. Piecewise linear topology. University of Chicago Lecture Notes pre-
pared with the assistance of J. L. Shaneson and J. Lees. W. A. Benjamin, Inc., New
York-Amsterdam, 1969..
[17] M. Iori and R. Piergallini. 4-manifolds as covers of the 4-sphere branched over non-
singular surfaces. Geom. Topol., 6:393–401 (electronic), 2002.
[18] J. M. Montesinos. Three-manifolds as 3-fold branched covers of S3. Quart. J. Math.
Oxford Ser. (2), 27(105):85–94, 1976.
[19] R. Piergallini. Four-manifolds as 4-fold branched covers of S4. Topology, 34(3):497–
508, 1995.
[20] S. Rickman. Existence of quasiregular mappings. In Holomorphic functions and mod-
uli, Vol. I (Berkeley, CA, 1986), volume 10 of Math. Sci. Res. Inst. Publ., pages
179–185. Springer, New York, 1988.
[21] S. Rickman. Quasiregular mappings, volume 26 of Ergebnisse der Mathematik und
ihrer Grenzgebiete (3) [Results in Mathematics and Related Areas (3)]. Springer-
Verlag, Berlin, 1993.
[22] S. Rickman. Simply connected quasiregularly elliptic 4-manifolds. Ann. Acad. Sci.
Fenn. Math., 31(1):97–110, 2006.
[23] C. P. Rourke and B. J. Sanderson. Introduction to piecewise-linear topology. Springer
Study Edition. Springer-Verlag, Berlin, 1982. Reprint.
[24] J. Va¨isa¨la¨. Discrete open mappings on manifolds. Ann. Acad. Sci. Fenn. Ser. A I
No., 392:10, 1966.
Matematiikan ja tilastotieteen laitos, Helsingin yliopisto, Helsinki
pekka.pankka@helsinki.fi
Department of Mathematics, University of Michigan, Ann Arbor
jsouto@umich.edu
